Treatments for coarctation of the aorta (CoA) can alleviate blood pressure (BP) gradients (Δ), but long-term morbidity still exists that can be explained by altered indices of hemodynamics and biomechanics. We introduce a technique to increase our understanding of these indices for CoA under resting and nonresting conditions, quantify their contribution to morbidity, and evaluate treatment options. Patient-specific computational fluid dynamics (CFD) models were created from imaging and BP data for one normal and four CoA patients (moderate native CoA: Δ12 mmHg, severe native CoA: Δ25 mmHg and postoperative end-to-end and end-to-side patients: Δ0 mmHg). Simulations incorporated vessel deformation, downstream vascular resistance and compliance. Indices including cyclic strain, time-averaged wall shear stress (TAWSS), and oscillatory shear index (OSI) were quantified. Simulations replicated resting BP and blood flow data. BP during simulated exercise for the normal patient matched reported values. Greatest exercise-induced increases in systolic BP and mean and peak ΔBP occurred for the moderate native CoA patient (SBP: 115 to 154 mmHg; mean and peak ΔBP: 31 and 73 mmHg). Cyclic strain was elevated proximal to the coarctation for native CoA patients, but reduced throughout the aorta after treatment. A greater percentage of vessels was exposed to subnormal TAWSS or elevated OSI for CoA patients. Local patterns of these indices reported to correlate with atherosclerosis in normal patients were accentuated by CoA. These results apply CFD to a range of CoA patients for the first time and provide the foundation for future progress in this area. Circumferential TAWSS plots in the descending aorta and in vessels one diameter distal to their branching from the aorta are also provided for the patient with severe native CoA (empty circles) as compared to the normal patient (solid circles).
Volume-rendered velocity during peak systole (top row), mid-to-late systole (middle row) and end diastole (bottom row) under resting and simulated moderate exercise conditions. Note the difference in scale for end diastole. Circumferential TAWSS plots in the descending aorta and in vessels one diameter distal to their branching from the aorta are also provided for the patient with severe native CoA (empty circles) as compared to the normal patient (solid circles).
Introduction
Coarctation of the aorta (CoA) accounts for 8%-11% of congenital heart defects affecting ∼3000-5000 patients annually in the United States. Surgical or catheter-based treatments can alleviate the blood pressure (BP) gradient across a coarctation with low morbidity. However, despite this success and the clinical view of CoA as a simple disease, long-term results have revealed decreased life expectancy and substantial morbidity in the form of hypertension, early coronary artery disease (CAD), stroke, and aneurysm formation.
Several decades ago, O'Rourke and Cartmill suggested the majority of morbidity for CoA can be explained on the basis of abnormal hemodynamics through the ascending aorta and its branches by showing that its conduit (blood flow) and cushioning (capacitance) functions were altered by CoA [1] . The authors described how the presence of CoA introduces a BP wave reflection site near the heart causing drastic reductions in aortic capacitance and elevated pulse BP. These findings are consistent with hypertension often observed during rest and exercise. Furthermore, the observed reduction in diastolic BP [1] can alter coronary artery perfusion thereby accentuating the likelihood for adverse hemodynamics associated with premature CAD such as wall shear stress (WSS). Concomitant increases in afterload also offer an explanation for heart failure in these patients.
Recent CoA clinical literature has lost sight of this hemodynamic basis for morbidity. Currently, the putative treatment guideline is a BP gradient ≥20 mmHg at rest, which was originally based on the best results possible by surgical repair or angioplasty without increased risk of additional procedures [2] . Reports using this guideline commonly compare BP gradients and rates of mortality, hypertension, aneurysm formation and recoarctation to those of previous studies. Still, morbidity persists and studies have hinted that altered biomechanical properties may be a contributing factor [3] .
Investigation into the hemodynamic and biomechanical basis of morbidity in CoA is intriguing considering recent advancements in computational modeling. Patient-specific anatomy can now be extracted, and representative models of the vasculature can be created, using data obtained during a routine clinical imaging session. This anatomic data, together with physiological data such as phase-contrast MRI (PC-MRI) and BP, can be used to create 3D patient-specific representations of hemodynamics that consider vascular properties associated with the current patient state. This paradigm has been applied with single ventricle congenital defects where computational fluid dynamics (CFD) simulations of the Fontan procedure have led to several technical modifications demonstrated to be hemodynamically superior to previous surgical techniques [4] . Similar outcomes may be realized if this approach is applied to CoA, but few studies to date have used CFD for this purpose. The complexity of aortic flow patterns, selecting appropriate boundary conditions, replicating vascular compliance, including collateral arteries and vascular tethering, and the motion of the aorta all contribute to the difficulty of the problem and, likely, the scarcity of such studies.
The objective of this investigation is to introduce a procedure that combines clinical imaging data and CFD tools to further understand hemodynamic alterations under resting and nonresting blood flow conditions, uniquely investigate potential sources of morbidity, and evaluate treatment outcomes and coarctation severity in a manner not possible using current imaging modalities solely. This objective is realized through several examples of native and postoperative CoA patients. It is our intention that this work will stimulate further collaboration between engineers and physicians and serve as the first step toward advancing the field in a manner similar to that which has occurred in the Fontan procedure. In this way, we may be able to understand the consequences of treatments for CoA and identify processes that could lead to morbidity long before they are clinically apparent.
Methods
Magnetic Resonance Imaging.
Magnetic resonance imaging was performed as clinically ordered or as follow-up to surgical or interventional treatment after Institutional Review Board approval. Prior to protocol enrollment, verbal and written information was provided and informed consent or assent was obtained from participants or their parents/guardians. Gadolinium-enhanced MR angiography (MRA) was performed with the participant in the supine position inside a 1.5-T GE Signa TwinSpeed MRI scanner (GE Medical Systems, Milwaukee, WI) using a T1-weighted, half k-space, 3D spoiled gradient recalled echo sequence (slice thickness: 2.0-2. . A test bolus of 1 ml gadopentetate dimeglumine (Magnevist, Bayer Healthcare Pharmaceuticals, Wayne, NJ) was injected to determine the optimal contrast timing to enhance the aorta. For the actual MRA, a 2 ml/kg dose of gadopentetate was injected at a rate of 2 ml/s into a peripheral intravenous access. Participants were instructed to hold their breath during the MRA data acquisition period (∼20 s) when age and ability permitted.
Blood flow information was acquired using a cardiac-gated, 2D, respiratory-compensated, phasecontrast (PC) cine sequence with through-plane velocity encoding (slice thickness: 10 mm, field-of-view: 24 × 24 cm2 , acquisition matrix: 256 × 160, spatial resolution: 0.94-1.5 mm, TR: ∼5 ms, TE: 2-3 ms, flip angle: 15°, velocity encoding: 150-400 cm/s, temporal resolution: 10 ms). Each scan lasted ∼3 min as participants breathed freely. Cine images were reconstructed at 16-20 cardiac phases. PC images were obtained at planes transverse to the aortic root, the cervical arteries, the coarctation, and the descending aorta at the diaphragm. After each study, upper and lower extremity BP was measured using a sphygmometer cuff with the subject in a supine position.
CFD Model Construction.
The MRA imaging data were processed using specialized software to correct for known gradient nonlinearities [5] . Computational representations of the aorta and arteries of the head and neck were then created using Simvascular (Simtk.org) software that facilitates volume visualization and conversion of the MRA imaging data into geometrically representative computer models, as demonstrated in Fig. 1 [6] and discussed previously [7] . Models were discretized using a commercially available, automatic mesh generation program (MeshSim, Simmetrix, Clifton Park, NY). When collateralization was extensive (e.g., for the severe native CoA) the collateral network was represented by vessels extending from their origin at the subclavian arteries to their insertion distal to the coarctation and their caliber was selected to match the BP gradient measured clinically thereby replicating the conduit function of these vessels.
Inflow Boundary Conditions.
PC-MRI data were used to calculate time-resolved volumetric blood flow as previously described [ (7), 8] . Ascending aorta (AscAo) PC-MRI waveforms were mapped to the inlet of CFD models using a temporally varying parabolic flow profile. Flow from the innominate (IA), left carotid, and left subclavian (LSA) arteries and descending aorta (dAo) were used, together with BP data, to prescribe outflow boundary conditions as discussed in the following. For the normal patient, resting cardiac output (CO) was determined from body surface area (BSA) and a normal cardiac index (CI) of 3.5 l/min/m2 as PC-MRI data was not available. The inflow waveform contour was obtained by ensemble averaging PC-MRI data from healthy children [9] and scaling by BSA [8] , whereas flow to branches was estimated from a known relationship between their diameter and AscAo flow [10] . Nonresting conditions were simulated by modifying resting conditions to reflect increases in flow and heart rate (by 50%) during moderate exercise [9] , resulting in CI within the expected normal range [11] . Figure 1 shows inflow waveforms for resting and simulated exercise conditions.
Outflow Boundary Conditions and Wall Deformation Parameters.
To replicate the impact of vessels distal to CFD model branches, a three-element Windkessel model was imposed using a coupled-multidomain method [12] . This method represents arterial networks using three parameters with physiologic meaning: characteristic resistance (Rc ), capacitance (C), and distal resistance (Rd ). Under resting conditions, the total arterial capacitance (TAC) for each patient was determined from inflow and BP measurements assuming a characteristic to total resistance ratio of 6% [13] . The TAC was then distributed among outlets according to their blood flow distributions [14] . Once the capacitance term for each branch was assigned, the terminal resistance (Rt = Rc + Rd ) was calculated from mean BP and PC-MRI flow measurements and distributed between the remaining resistance parameters by adjusting Rc to Rt ratios (6%-10%) for each outlet using the pulse pressure method [ (15),16] thereby replicating BP values shown in Table 1 . BP measurements during moderate exercise were not available for patients. Values of Rt , Rc , C, and Rd for each model outlet were therefore adjusted consistent with reported changes during exercise at an equivalent heart rate [(15),17] to replicate changes, particularly systolic BP, typically observed in normal patients [(18),19] . These methods were then applied to the coarctation patients to elucidate the severity of native or residual coarctation and associated vascular alterations. The amount of blood flow delivered to the carotid arteries during moderate exercise remained unchanged [20] , but was decreased by 43% to the arms [21] . Associated increases in resistance primarily impact Rd and resting capacitance values in the subclavian arteries were adjusted based on clinical measurements for an equivalent change in heart rate [17] . Rt , Rd , and C were similarly adjusted for the dAo outlet. An augmented-Lagrangian formulation [22] for constraining the shape of the velocity profiles at model outlets was used to mitigate instabilities often occurring during flow deceleration and diastole.
Coupled blood flow and vessel wall dynamics were solved using a coupled-momentum method [23] formulation. A membrane model was used for the vessel wall that considers physiologic material properties based on published data [24] , including a wall thickness of 0.15 cm [25] . Briefly, the computer model was first prestressed using linear elastic theory. The prestress was derived by loading the vessel wall with the diastolic pressure, assuming that the geometry given by the MRA corresponds approximately to a low diastolic configuration. This defines the diastolic geometry as the reference configuration for the model. The Young's modulus was then adjusted iteratively until the AscAo mean luminal displacement was within 5% of the values obtained from PC-MRI magnitude measurements (values are presented in Table 2 ). This approach was found to provide reasonable wall displacement in simulations when compared to spatially equivalent locations from PC-MRI.
A viscoelastic boundary condition was also used to account for tissue surrounding the aorta [26] . This external tissue support condition provides physiologically realistic dissipation that damps the high-frequency fluttering modes of the vessel wall motion that are likely to occur during moderate exercise simulations. The numerical values for elastic and viscoelastic response of the external tissue implemented were 100 g/mm3 /s2 and 100 g/mm3 /s, respectively. CFD Simulations.
Simulations were performed using a novel stabilized finite element method to solve the conservation of mass (continuity), balance of fluid momentum (Navier-Stokes) and vessel wall elastodynamics equations [23] . Meshes contained 2-3 × 106 tetrahedral elements and localized refinement was performed using an adaptive technique [ (27) ,28] to deposit more elements near the luminal surface and in anatomical regions prone to flow disruption [28] . Simulations were run for four to six cardiac cycles until the flow rate and pressure fields yielded periodic solutions.
Blood flow velocity, BP and wall displacement were visualized using ParaView (Kitware, Clifton Park, NY). Time-averaged WSS (TAWSS) and oscillatory shear index (OSI) were then calculated [7] . Low TAWSS is thought to promote atherogenesis, as is elevated OSI, an index of directional changes in WSS. Low OSI indicates WSS is unidirectional, whereas a value of 0.5 is indicative of bidirectional WSS with a time-average value of zero. These indices were determined in 5 mm bands of the AscAo, transverse arch (TA), coarctation, mid-dAo, and diaphragm levels of the aorta, as well as one diameter distal to the origin of branch vessels. Average values for each location in the normal patient were used as thresholds for low TAWSS or elevated OSI.
Previous imaging studies found local low TAWSS and elevated OSI values that were statistically different from circumferential averages [29] , motivating the need to report detailed local WSS maps in CFD studies. To visualize TAWSS locally, the surface of each vessel was unwrapped and mapped into a θ, l rectangular domain, where θ and l are the circumferential and longitudinal coordinates of each point on the vessel wall.
Wall displacement results were used to estimate the principal component of cyclic strain at nine vascular locations. Green [30] . The position of the surface nodes was updated with the displacement components at each time point before cyclic strain was calculated to be consistent with calculations from PC-MRI magnitude data, and values were expressed as a percentage.
Results
Anatomy and hemodynamics reflective of surgical treatment were observed and captured in CFD simulations. All CoA patients exhibited systolic BP exceeding normal for their age and gender regardless of whether surgery had been performed. AscAo PC-MRI revealed variations in CO and flow to branches (Fig. 1 , Table 1 ). CI was similar for all patients except the severe CoA subject where it resembled moderate exercise.
Simulations replicated resting clinical BP gradients (Table 1 ) with a maximum error of 5 mmHg and relative systolic and diastolic BP errors <10%. Under moderate exercise conditions, simulation systolic BP increased 15 mmHg and mean and peak BP gradients increased from 1 and 3 mmHg at rest, respectively, to 8 and 23 mmHg for the normal patient. Systolic BP increased by 12 and 22 mmHg for the end-to-side and end-toend patients, respectively, and mean BP gradients were similar to the normal patient. However, peak BP gradients in treated CoA patients were higher than the normal patient (end-to-end = 29 and end-to-side = 38 versus 23 mmHg). Substantial increases in systolic BP and mean and peak BP gradients were observed in the untreated moderate CoA patient. For this patient with a simulated resting systolic BP of 115 and a 7 mmHg gradient at rest, systolic BP increased to 154 mmHg, and the mean and peak BP gradients increased to 31 and 73 mmHg, respectively, during simulated moderate exercise.
Volume-rendered velocity patterns during peak systole, mid-to-late systole and end diastole are shown in Fig. 2 . Elevated velocity was observed near coarctations at rest for all simulations except for the 4 year old (yo) with end-to-side repair. Blood acceleration across these regions produced complex downstream swirling and recirculation, often with a jet impinging on the posterior dAo wall. These complex patterns were accentuated during exercise. Patterns at rest and exercise were similar for the normal and end-to-side patients.
Biomechanics indices (Eθ θ , TAWSS, OSI) are listed in Table 3 . Peak systolic wall displacement is shown in Fig. 3 with plots of temporal Eθ θ at AscAo locations. In general, Eθ θ ,max within the AscAo and branch vessels was greater for native CoA patients than for the normal patient, but smaller for treated CoA patients. Eθ θ , max was smaller than in the normal patient near or distal to narrow areas such as hypoplastic TA and coarctation regions. Changes in Eθ θ ,max with exercise were more pronounced in CoA patients proximal to these narrowed regions, but decreased in the dAo for all patients due to reduced downstream vascular resistance and elevated BP gradients. Figure 4 shows TAWSS and OSI under resting and exercise conditions. TAWSS in 5 mm bands (Table 3 ) within the AscAo of the normal patient were higher than those in treated and untreated CoA patients (e.g., 39 dyn/cm2 versus moderate native CoA: 32 dyn/cm2 and end-to-end: 28 dyn/cm2 ). Narrow areas in TA and coarctation regions caused higher TAWSS relative to the normal patient that persisted throughout the dAo and were pronounced for the severe native CoA patient. Resting TAWSS was higher for untreated CoA patients in the head and neck vessels (e.g., IA: normal = 59 dyn/cm2 versus moderate = 67 dyn/cm2 and severe CoA = 100 dyn/cm2 ) and smaller for the treated CoA patients (e.g., IA: end-to-end = 54 dyn/cm2 ; end-to-side = 22 dyn/cm2 ). Simulated moderate exercise resulted in a substantial increase in TAWSS for the normal patient (approximately one-to twofold). This increase was similar for all CoA patients except the end-to-side patient whose changes in TAWSS values were smaller by 17-71%. Similar trends were observed in the head and neck vessels, but changes were less pronounced within and between patients.
OSI was elevated in the AscAo of CoA patients and slightly greater than in other locations. OSI decreased throughout the aorta during exercise for all cases except for the moderate native CoA where it was unchanged or moderately higher beyond the TA. Conversely, OSI increased in branch arteries of all patients during exercise.
A greater percent of the AscAo was exposed to subnormal TAWSS or elevated OSI for CoA patients (Table 3) . Simulated moderate exercise reduced this percentage for all patients. Narrowed aortic regions for native CoA patients generally resulted in smaller regions of the downstream lumen exposed to subnormal TAWSS, but larger distal areas of elevated OSI. Adverse hemodynamics were mitigated during simulated moderate exercise with the exception of the moderate native CoA patient where elevated OSI increased by 12%-14% distal to the coarctation. Exercise-induced reductions in the area exposed to subnormal TAWSS or elevated OSI were less pronounced in branch vessels. Simulated exercise caused a substantial increase in the amount of the lumen exposed to elevated OSI in all models except for the end-to-side patient where changes were <16%. Patients with small caliber LSA typically had lower values of TAWSS and larger regions of the lumen exposed to subnormal TAWSS during rest and exercise.
TAWSS values were also plotted on patches corresponding to the endothelial surface unwrapped about longitudinal axes along the inner curvature of the aorta, and anterior surface of branch vessels (Fig. 5) . Circumferential TAWSS contours in the dAo and branch vessels are provided for the normal and severe native CoA patients. Plots in the dAo of the normal patient clearly show low TAWSS spiraling down the dAo. This pattern is also supported by the solid circles shown in plots generated by averaging TAWSS values every 22.5°. TAWSS values were elevated for the patient with severe CoA (e.g., mean = 1777 dyn/cm2 ; max ∼6000 dyn/cm2 ). The coarctation also interrupted helical TAWSS patterns down the dAo, particularly near the insertion of collateral vessels (Fig. 5, solid circles) . Similarly, circumferential plots in branch arteries were elevated relative to the normal patient and suggest that velocity profiles and TAWSS patterns are altered as blood flows from the aorta to the brain and upper extremities.
Discussion
Morbidity from CoA persists with current guidelines that ignore the ramifications of a particular treatment on local hemodynamics or vascular mechanics. The current investigation introduces a coupled computational and imaging technique to increase our understanding of detailed alterations in related indices such as distributions of WSS and strain that are associated with CoA under resting and nonresting blood flow conditions, uniquely investigate potential sources of morbidity, and evaluate treatment options. The methods are based on data obtained at rest as part of a routine clinical imaging session and used in conjunction with CFD tools to generate temporally and spatially varying indices that are difficult to obtain using conventional methods including TAWSS, OSI and Eθ θ in the portions of the vasculature where long-term morbidity seems to be manifested. Specifically, this investigation offers several key findings discussed in detail in the following.
CFD Tools Can Replicate the Pathophysiology Typically Observed for Patients With CoA.
The present results confirm and extend those of O'Rourke and Cartmill [1] . Their physiologic observations were manifested in simulations of the native CoA patient where the aorta's conduit function is maintained through collateral vessels, but its cushioning function was reduced by the coarctation and limited pressure pulse transmission through small caliber and tortuous collateral vessels [1] .
Patterns of velocity in the normal patient were similar to those obtained with 3D and 4D PC-MRI techniques [(31),32] . Velocity patterns during early systole were completely attached to the luminal surface, right-handed helical flow developed in the AscAo and TA at peak systole and flow during diastole included swirling and rotational patterns throughout the aorta and its branches. These patterns are altered with varying severity in CoA patients.
A previous study showed thoracic cyclic strain decreased from ∼9% at age 41 to ∼2.5% at age 68 [30] . The current results provide the first known reports of strain in coarctation patients derived from CFD. While strain in the AscAo of native CoA patients is largely impacted by the downstream coarctation, treated CoA patients had values closer to older patients reported in the previous study. The strain results in Table 2 not only demonstrate the ability of CFD tools to quantify this index, but are also consistent with studies suggesting deleterious changes in vascular properties can persist despite treatment [3] . Cases similar to the native moderate CoA patient presented here are often difficult to evaluate clinically. The resting BP gradient is modest (12 mmHg) and the question arises as to whether treatment should be performed if cardiac function is acceptable. Currently, there is only limited data to influence this decision. BP, hemodynamics, and Eθ θ results from simulated exercise suggest this patient may have benefited from treatment to restore lumen caliber. Similarly, CoA treatment often acutely alleviates resting BP gradients, but there is conflicting data concerning residual gradients during ambulatory or exercise conditions reflecting daily activity [33] . These conditions can be generated by exercise testing, but the tests are not routinely ordered and imaging is difficult under such conditions. The current results indicate CFD is a useful tool for simulating the severity of hemodynamic alterations in patients with moderate CoA and under elevated flow conditions.
CFD Tools Can
Presently there is no technique to assess detailed hemodynamic and biomechanic ramifications of a treatment a priori. CFD modeling is applied to native or surgically corrected CoA patients for this purpose here, but can also be conducted after simulated or actual interventions including angioplasty and stenting to facilitate virtual catheterization within the patient-specific model during resting or exercise conditions.
CoA Disturbs Normal Patterns of TAWSS and OSI Throughout the Thoracic Aorta.
Imaging studies quantifying TAWSS in the thoracic aorta of normal patients reported findings consistent with those revealed here. Low TAWSS and elevated OSI were found in a rotating pattern down the dAo [(29),34], and these sites correlated with those prone to atherosclerotic plaque development. Treated or untreated CoA patients with even modest narrowing areas are likely exposed to unique patterns of WSS [35] , which may influence the location and magnitude of plaque formation. Thus, the current approach may be used to determine sites of atherosclerotic susceptibility based on local hemodynamic alterations in longitudinal studies. Values in the native coarctation region are concerning as they are within the range of hemolysis. Additionally, potentially deleterious WSS indices established in CoA patients are only partially mitigated by exercise after repair. Differences in these indices between the aorta and branch arteries are interesting given the frequency of cerebrovascular events in CoA patients. Interestingly, a number of recent investigations report that intimamedia thickness thought to be associated with altered distributions of WSS and stroke were pronounced in the carotid arteries of postoperative CoA patients [(36),37].
Restoring Favorable Anatomy May Not Restore Normal Hemodynamics.
The end-to-side repair presented here established arch anatomy most closely resembling normal by alleviating TA hypoplasia. However, CFD indicated that this favorable arch anatomy may introduce lower TAWSS in the aorta thereby causing larger fractions of the lumen to be exposed to deleterious WSS. These results must be verified in more patients, but highlight how CFD can offer important additional functional information regarding the severity of vascular pathologies, or be used to evaluate different treatment options.
The current results should be interpreted within the constraints of several potential limitations. BP was obtained from brachial artery cuff measurements, but may differ from central BP. In many MRI studies portions of the intercostal arteries can be delineated in the MRA volume. These vessels are thought to take between 7% and 11% of the flow from the level of the coarctation to the diaphragm under normal conditions, and are often recruited to serve as collateral vessels in patients with native CoA. These vessels were not included in all models as localized PC-MRI measurements can only provide a summed estimate of the total flow through the collection of these vessels and appropriate boundary conditions for these arteries are not presently known. Two intercostal arteries serving as collateral vessels were included for the native patient with severe CoA. The caliber of these vessels was adjusted to replicate conduit function and the measured BP gradient. Although improved imaging resolution would facilitate including more detailed collateral or intercostal vessels, these benefits would be offset by current limitations in accurately assessing coarctation BP gradients from cuff measurements or a modified Bernoulli's estimation.
A single elastic modulus and thickness value was used for respective CFD models, but vascular tissue properties vary spatially. While the results produced AscAo wall motion similar to PC-MRI, they may be less accurate at other locations.
Although the concept of patient-specific CFD modeling was reported in 1999 [38] , this investigation marks the first full-scale application with a sampling of CoA patients. Although observations between patients are reported here, the goal of this work is really to demonstrate utility of the methods described with a variety of CoA patient populations to be studied further in future investigations. One of the patients featured here, the 10 yo female subject with severe CoA, presented clinically with elevated cardiac output. Similar cases have been reported for severe native CoA in the absence of heart failure to meet an apparent metabolic need beyond the stenosis. Nonetheless, an exercise simulation was not conducted because such a test would not be clinically ordered for this patient presenting in a hyperdynamic state and in obvious need of treatment.
The procedure used to assess the severity of hemodynamic alterations under moderate exercise generated inflow waveforms, flow distributions to aortic branches, and BP changes consistent with those previously reported in response to supine stationary ergometer exercise at a 50% change in heart rate for normal patients [(18),19] . However, it is important to note that none of the subjects in this investigation underwent exercise testing for direct comparison to simulation results. Although exercise testing can be done in the setting of CoA, it is not commonly implemented. Moreover, if data from exercise testing were available, it is highly unlikely that blood flow distributions to branch arteries, indices of vascular capacitance, and four extremity blood pressure readings would have been obtained for use in determining the Windkessel parameters required for CFD. Thus, the approach described here, which is rooted in documented physiological changes, was implemented with CoA patients. Future studies are currently underway to elucidate changes in outlet boundary conditions at a number of exercise levels for use with CFD of CoA patients and preliminary results are in good agreement with the trends reported here.
Results presented would not have been possible without several technical advancements including realistic outflow boundary conditions, fluid-structure interaction, substantial computational power and a number of additional seminal advancements in CFD. Nonetheless, the results are exciting and will likely lead to similar studies in short order. Many important considerations were included in the CFD procedure, but the addition of several factors could add further realism to the results (Table 4) and will be the focus of future work.
Conclusions
The current results demonstrate the applicability of a procedure combining clinical imaging data and novel computational modeling tools for a range of patients with CoA and provide the foundation for future progress in this area. We are optimistic that applying these computational techniques to CoA will ultimately help to reduce the long-term morbidity currently observed in these patients by identifying associated processes before they are clinically apparent.
